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Material and Methods: 

We recorded 1H 1D spectra at T=298 K at a ratio of each ligand to one protein target of 20:1. 190 µl of 

a 10 µM protein in screening buffer (25 mM NaPi, 150 mM NaCl, pH 7.5) was manually pipetted into 

3 mm NMR tubes. 10 µl of the fragment mixture was added using a pipetting robot to a final 

concentration of 200 µM for each fragment. During the screen, sample mixes were stored at 4 °C. The 

experiments were conducted at a 600 MHz NMR spectrometer equipped with a cryoprobe. For the NMR 

measurements, 5% DMSO was used for locking the NMR spectrometer frequency. Shim optimization 

was performed on the H2O signal by using a home-built script for 1H gradient shimming. In screening 

experiments (Supporting Information Table 5), the residual water signal was suppressed using the 

SOGGY sequence, which was implemented in all screening pulse sequences. From our experience, 

application of the composite water pulse makes this method more robust than conventional excitation 

sculpting in case of air bubbles in the NMR tube or tubes with smaller filling height. Two mixing times 

(5 ms, 100 ms) with a bandwidth of the CPMG-pulse of 6.25 kHz were recorded for 1H-R2-CPMG 

experiments. R2-CPMG pulse sequences were performed using temperature compensation. For the STD 

experiments, all parameters were optimized using a standard sample (Supporting Information Figure -

26). All these experiments detected changes of ligand signals in the presence of sub-stoichiometric 

protein target. 

nsp10•nsp14: Samples for fragment screening were prepared in 3 mm NMR tubes and contained 

mixtures of eight fragments dissolved at 250 μM concentration each in 20 mM potassium phosphate 

buffer (pH 8.0) with 500 mM NaCl, 0.5 mM DTT, 0.5 mM MgCl2, 4% DMSO-d6 and 10% D2O. 

Nsp14•nsp10 complex was added at 12.5 μM concentration. 250 μM Sinefungin was used as a known 

binder for testing of competitive binding to the S-adenosylmethionine binding site. 

NMR experiments were performed at 298 K on a 600 MHz Bruker Avance Neo spectrometer equipped 

with a QCI-F quadruple-resonance pulsed-field-gradient cryoprobe. Proton 1D, CPMG (T2), and 

waterLOGSY spectra were recorded for each sample in the absence and presence of Nsp14-Nsp10, as 

well as after the addition of the competitive binder. The waterLOGSY spectra were acquired with 128 

scans and a mixing time of 1.7 s. Water suppression was achieved using excitation sculpting with 

gradients, and protein signals were filtered using a 30 ms trim pulse. The CPMG (T2) spectra were 

acquired with 128 scans, water signal presaturation during the relaxation delay, and a spin-lock time of 

400 ms.  

Ligand Observed Titration 

A separate 200 µL sample was prepared for each step of the titration. Each contained 50 µM ligand and 

varying protein (ORF9a (NTD), nsp3c (SUD-MC), and nsp5) concentrations between 0 - 500 µM in the 

screening buffer (25 mM Sodium Phosphate, 150 mM NaCl, pH 7.5 with 5% d6-DMSO). 100 µM DSS 

was used as an internal reference. Depending on the solubility and availability of the different proteins, 

different concentrations and number of steps were used for the titrations. With the ligand concentration 

fixed to 50 µM, the ORF9a (NTD) concentration was varied in the following steps: 0, 50, 100, 200, 350, 

500 µM. With the ligand concentration fixed to 50 µM, the nsp3c (SUD-MC) concentration was varied 

in the following steps: 0, 50, 100, 150, 200, 250, 279 µM. With the ligand concentration fixed to 50 µM, 

the nsp5 concentration was varied in the following steps: 0, 50, 100, 150, 200, 250, 300, 350, 400, 450, 

500, 550, 577 µM. Additionally, a titration with 5 µM ligand concentration with the following steps was 

used for nsp5: 0, 5, 10, 20, 30, 50, 75, 100, 125, 150, 175, 200 µM. 1D- 1H NMR measurements were 

carried out in 1.7 mm NMR-tubes in a 600 MHz spectrometer at 298 K. Fitting was performed with a 

one-site-specific binding model (𝑌 =  𝐵𝑚𝑎𝑥 ∗ 𝑋/(𝐾𝑑 +  𝑋)), where X is the concentration of the 

ligand and Y is the chemical shift difference. 

Protein Observed Titration 

A separate 550 µL sample was prepared for each step of the titration. Each contained 50 µM nsp10 and 

varying ligand concentrations between 0 - 2 mM in the screening buffer (25 mM Sodium Phosphate, 



150 mM NaCl, pH 7.5 with 5% d6-DMSO). 10 µM DSS was used as an internal reference. With the 

protein concentration fixed to 50 µM, the ligand concentration was varied in the following steps: 0, 50, 

100, 200, 400, 1000, 2000 µM. 1H15N-BEST-TROSY NMR measurements were carried out in 5 mm 

NMR-tubes in a 600 MHz spectrometer at 298 K. The previous assignment of nsp10 was overlayed with 

the TROSY spectra to identify the peaks. Fitting was performed as mentioned above. 

For the nsp5 titration, 100 µM of uniformly 15N labeled nsp5 was titrated with 0 – 2 mM of the ligand 

in 50 mM NaPi (pH 7.0), 0.5 mM TCEP, 10% D2O, and 0 – 2% d6-DMSO. The titration steps were 0, 

1, 2, 4, 8, 12, 16, and 20 equivalent of ligand over protein. All experiments were performed at a 

temperature of 298 K. 

FTMAP analysis, PDBsum, and autodock 

For the FTMap analysis, the corresponding PDB codes and possible restrictions regarding chains (chain 

a or chain b for example) were entered and uploaded to the FTMap web service. After the analysis had 

finished, the text file and the pymol file containing the cross-cluster information were downloaded for 

further analyzation. The amino acid sequence for the highest volume clefts was extracted using 

PDBsum. This sequence was then colored in the pymol file of the FTMap analysis, giving an indication 

of the position of these clefts on the protein. After this, it was possible to ascertain which cross-cluster 

was binding in which cleft of the protein. With this information and the cheminformatic characterization 

of the 768 compounds from the library according to the 16 FTMap probes, analyzing the coverage 

between the FTMap probes of a binder from the screening and the occurrence of these same probes in 

any given cross-clusters of a cleft. If, for example, cleft 2 was identified to be the main binding site in 

nsp10, cross-clusters 0, 3, 5, and 6 could be identified to be occupying that space (Supporting 

Information Figure ). Comparing now the FTMap probe characterization of any given binder to the 

FTMap probes that constitute cross-clusters 0, 3, 5, and 6, gives a percental coverage of the likeness 

between these two. The higher the percentage is, the more of the probes characterizing the binder are 

also found in the cross-clusters, up to a coverage of 100%, meaning all the binder probes are also present 

in the cross-cluster. This gives the possibility to filter the NMR binders of one protein according to their 

coverage in the identified cross-cluster of a protein cleft. After filtering the NMR binders according to 

their coverage of the cleft cross-clusters, one binder per protein was docked using Swissdock’s web 

server without any experimental restraints. For 50% of the targets, the top ranked pose occupied the 

same cleft that was seen in the PDBsum and FTMap analysis. For the rest of the targets, using the NMR 

data as additional information, an orientation was chosen that also occupied the clefts in question.  

Similarity/Analog search in ChEMBL and PubChem for NMR ligands 

Compounds reported to be active against SARS-CoV-2 viral proteins in target-based screens were 

identified in the ChEMBL and PubChem Databases.  Search criteria for ChEMBL were: 1) Source: 

‘SARS-CoV-2 Screening Data 2020-21’ 2) Confidence Label: ‘Direct single protein target assigned’ to 

ensure specificity of the assays. The filtering criteria on PubChem bio-assays were 1) Datasets were 

published after 2020 2) Bio-assay active compounds were either literature-derived or provided by 

NCATS (National Center for Advancing Translational Sciences). The identification of active 

compounds from these sources was done using PubChem’s PUG REST API.   The KNIME workflow 

(Supplementary Figure 26) was deployed on these datasets to identify analogues of the hit compounds.  

The analysis revealed 35 hit fragments associated with 50 analogues identified as active in 16 different 

SARS-CoV-2 assays, representing a total of 155 distinct bioactivities. The workflow and associated data 

can be found here https://github.com/Fraunhofer-ITMP/KNIME_NMR 

Knowledge graph for NMR data, ChEMBL and PubChem actives 

A knowledge graph (KG) was constructed linking the identified ligands targeting 24 viral proteins with 

the ChEMBL compounds and PubChem actives from our analogue search. Information includes primary 

mechanism of action of the ChEMBL analogue compounds including target protein and disease 

indication. The resulting KG consists of 529 nodes and 2352 edges (Supplementary Figure 27). The 

https://github.com/Fraunhofer-ITMP/KNIME_NMR


codes written to generate the KG can be found at https://github.com/Fraunhofer-ITMP/COVID-NMR-

KG. 

https://github.com/Fraunhofer-ITMP/COVID-NMR-KG
https://github.com/Fraunhofer-ITMP/COVID-NMR-KG


Tables 

Supporting Information Table 1: SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design. 

Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

nsp1 

266-805 
Leader 180  19.8 

GAMESLVPGFNEKTHVQLSLP
VLQVRDVLVRGFGDSVEEVLS

EARQHLKDGTCGLVEVEKGVL

PQLEQPYVFIKRSDARTAPHGH
VMVELVAELEGIQYGRSGETL

GVLVPHVGEIPVAYRKVLLRK

NGNKGAGGHSYGADLKSFDL
GDELGTDPYEDFQENWNTKHS

SGVTRELMRELNGG 

10 

 Globular Domain (GD) 116 13-127 12.7 

GAMAHVQLSLPVLQVRDVLV

RGFGDSVEEVLSEARQHLKDG
TCGLVEVEKGVLPQLEQPYVFI

KRSDARTAPHGHVMVELVAEL

EGIQYGRSGETLGVLVPHVGEI
PVAYRKVLLRKNG 

10 

nsp2 

806-2,719 
 638  70.5   

 
C-terminal Disordered 

Region (CtDR) 
45 557-601 4.9 

GKEIIFLEGE TLPTEVLTEE 

VVLKTGDLQP LEQPTSEAVE 
APLVGT 

10 

nsp3 

2,720-8,554 
 1,945  217.3   

a Ub-like (UBl) domain 111 1-111 12.5 

GAMGAPTKVTFGDDTVIEVQ

GYKSVNITFELDERIDKVLNEK
CSAYTVELGTEVNEFACVVAD

AVIKTLQPVSELLTPLGIDLDE

WSMATYYLFDESGEFKLASH
MYCSFYPPDE 

10 

b nsp3b (Macro domain) 170 207-376 18.3 

GHMVNSFSGYLKLTDNVYIK
NADIVEEAKKVKPTVVVNAA

NVYLKHGGGVAGALNKATN

NAMQVESDDYIATNGPLKVG
GSCVLSGHNLAKHCLHVVGP

NVNKGEDIQLLKSAYENFNQH

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

EVLLAPLLSAGIFGADPIHSLR

VCVDTVRTNVYLAVFDKNLY

DKLVSSFLEMK 

b nsp3b·GS-441524 170 207-376 18.3 

GHMVNSFSGYLKLTDNVYIK

NADIVEEAKKVKPTVVVNAA

NVYLKHGGGVAGALNKATN

NAMQVESDDYIATNGPLKVG
GSCVLSGHNLAKHCLHVVGP

NVNKGEDIQLLKSAYENFNQH

EVLLAPLLSAGIFGADPIHSLR
VCVDTVRTNVYLAVFDKNLY

DKLVSSFLEMK 

10 Protein 70 Ligand 

c 
SUD (SARS-Unique 

Domain)-N 
140 409-548 15.4 

GSQDDKKIKACVEEVTTTLEE
TKFLTENLLLYIDINGNLHPDS

ATLVSDIDITFLKKDAPYIVGD

VVQEGVLTAVVIPTKKAGGTT
EMLAKALRKVPTDNYITTYPG

QGLNGYTVEEAKTVLKKCKS

AFYILPSIISNEKQE 

10 

c SUD-MC 193 551-743 21.5 

GSHMGTVSWNLREMLAHAEE

TRKLMPVCVETKAIVSTIQRK

YKGIKIQEGVVDYGARFYFYT

SKTTVASLINTLNDLNETLVT
MPLGYVTHGLNLEEAARYMR

SLKVPATVSVSSPDAVTAYNG

YLTSSSKTPEEHFIETISLAGSY
KDWSYSGQSTQLGIEFLKRGD

KSVYYTSNPTTFHLDGEVITFD

NLKTLLS 

10 

d Papain-like protease PLpro 318 743-1,060 36 

SLREVRTIKVFTTVDNINLHTQ

VVDMSMTYGQQFGPTYLDGA

DVTKIKPHNSHEGKTFYVLPN

DDTLRVEAFEYYHTTDPSFLG
RYMSALNHTKKWKYPQVNG

LTSIKWADNNCYLATALLTLQ

QIELKFNPPALQDAYYRARAG
EAANFCALILAYCNKTVGELG

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

DVRETMSYLFQHANLDSCKR

VLNVVCKTCGQQQTTLKGVE

AVMYMGTLSYEQFKKGVQIP
CTCGKQATKYLVQQESPFVM

MSAPPAQYELKHGTFTCASEY

TGNYQCGHYKHITSKETLYCI
DGALLTKSSEYKGPITDVFYK

ENSYTTTIK 

e NAB 116 1,088-1,203 13.4 

GAMGYFTEQPIDLVPNQPYPN

ASFDNFKFVCDNIKFADDLNQ

LTGYKKPASRELKVTFFPDLN
GDVVAIDYKHYTPSFKKGAKL

LHKPIVWHVNNATNKATYKP
NTWCIRCLWSTKPVET 

 

10 

Y  286  31.5 

GKRPINPTDQSSYIVDSVTVKN

GSIHLYFDKAGQKTYERHSLS

HFVNLDNLRANNTKGSLPINV

IVFDGKSKCEESSAKSASVYYS
QLMCQPILLLDQALVSDVGDS

AEVAVKMFDAYVNTFSSTFN

VPMEKLKTLVATAEAELAKN
VSLDNVLSTFISAARQGFVDS

DVETKDVVECLKLSHQSDIEV

TGDSCNNYMLTYNKVENMTP
RDLGACIDCSARHINAQVAKS

HNIALIWNVKDFMSLSEQLRK

QIRSAAKKNNLPFKLTCATTR
QVVNVVTTKIALKGG 

10 

nsp5 

10,055-10,972 Main protease (Mpro) 306  33.8   

 GSnsp5 306 1-306 33.8 

GSSGFRKMAFPSGKVEGCMV

QVTCGTTTLNGLWLDDVVYC

PRHVICTSEDMLNPNYEDLLIR

KSNHNFLVQAGNVQLRVIGHS
MQNCVLKLKVDTANPKTPKY

KFVRIQPGQTFSVLACYNGSPS

GVYQCAMRPNFTIKGSFLNGS

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

CGSVGFNIDYDCVSFCYMHH

MELPTGVHAGTDLEGNFYGPF

VDRQTAQAAGTDTTITVNVLA
WLYAAVINGDRWFLNRFTTT

LNDFNLVAMKYNYEPLTQDH

VDILGPLSAQTGIAVLDMCAS
LKELLQNGMNGRTILGSALLE

DEFTPFDVVRQCSGVTFQGPH

HHHHH 

 GHMnsp5 306 1-306 33.8 

GHMSGFRKMAFPSGKVEGCM

VQVTCGTTTLNGLWLDDVVY
CPRHVICTSEDMLNPNYEDLLI

RKSNHNFLVQAGNVQLRVIG
HSMQNCVLKLKVDTANPKTP

KYKFVRIQPGQTFSVLACYNG

SPSGVYQCAMRPNFTIKGSFL
NGSCGSVGFNIDYDCVSFCYM

HHMELPTGVHAGTDLEGNFY

GPFVDRQTAQAAGTDTTITVN
VLAWLYAAVINGDRWFLNRF

TTTLNDFNLVAMKYNYEPLT

QDHVDILGPLSAQTGIAVLDM
CASLKELLQNGMNGRTILGSA

LLEDEFTPFDVVRQCSGVTFQ 

10 

 Full-length 306 1-306 33.8 

SGFRKMAFPSGKVEGCMVQV

TCGTTTLNGLWLDDVVYCPR

HVICTSEDMLNPNYEDLLIRKS
NHNFLVQAGNVQLRVIGHSM

QNCVLKLKVDTANPKTPKYK

FVRIQPGQTFSVLACYNGSPSG
VYQCAMRPNFTIKGSFLNGSC

GSVGFNIDYDCVSFCYMHHM

ELPTGVHAGTDLEGNFYGPFV
DRQTAQAAGTDTTITVNVLA

WLYAAVINGDRWFLNRFTTT

LNDFNLVAMKYNYEPLTQDH
VDILGPLSAQTGIAVLDMCAS

LKELLQNGMNGRTILGSALLE
DEFTPFDVVRQCSGVTFQ 

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

nsp7 

11,843-12,091  83  9.2   

 Full-length 83 1-83 9.2 

GSKMSDVKCTSVVLLSVLQQL

RVESSSKLWAQCVQLHNDILL

AKDTTEAFEKMVSLLSVLLSM
QGAVDINKLCEEMLDNRATL

Q 

10 

nsp8 

12,092-12,685  198  21.9   

 Full-length 198 1-198 21.9 

GAIASEFSSLPSYAAFATAQEA

YEQAVANGDSEVVLKKLKKS

LNVAKSEFDRDAAMQRKLEK
MADQAMTQMYKQARSEDKR

AKVTSAMQTMLFTMLRKLDN
DALNNIINNARDGCVPLNIIPL

TTAAKLMVVIPDYNTYKNTC

DGTTFTYASALWEIQQVVDA
DSKIVQLSEISMDNSPNLAWPL

IVTALRANSAVKLQ 

9.6 

nsp9 

12,686-13,024 
 113  12.4   

 Full-length 113 1-113 12.4 

GAMGNNELSPVALRQMSCAA
GTTQTACTDDNALAYYNTTK

GGRFVLALLSDLQDLKWARFP

KSDGTGTIYTELEPPCRFVTDT
PKGPKVKYLYFIKGLNNLNRG

MVLGSLAATVRLQ 

10 

nsp10 

13,025-13,441 
 139  14.8   

 Full-length 139 1-139 14.8 

MGSDKIHHHHHHAGNATEVP
ANSTVLSFCAFAVDAAKAYK

DYLASGGQPITNCVKMLCTHT

GTGQAITVTPEANMDQESFGG
ASCCLYCRCHIDHPNPKGFCD

LKGKYVQIPTTCANDPVGFTL

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

KNTVCTVCGMWKGYGCSCD

QLREPMLQ 

nsp15 

19,621-20,658 
Endonuclease 346  38.8   

 His6nsp15 346 1-346 38.8 

MGSSHHHHHHSSGENLYFQG
HMSLENVAFNVVNKGHFDGQ

QGEVPVSIINNTVYTKVDGVD

VELFENKTTLPVNVAFELWAK
RNIKPVPEVKILNNLGVDIAAN

TVIWDYKRDAPAHISTIGVCS

MTDIAKKPTETICAPLTVFFDG
RVDGQVDLFRNARNGVLITEG

SVKGLQPSVGPKQASLNGVTL

IGEAVKTQFNYYKKVDGVVQ
QLPETYFTQSRNLQEFKPRSQ

MEIDFLELAMDEFIERYKLEG

YAFEHIVYGDFSHSQLGGLHL
LIGLAKRFKESPFELEDFIPMD

STVKNYFITDAQTGSSKCVCS

VIDLLLDDFVEIIKSQDLSVVS
KVVKVTIDYTEISFMLWCKDG

HVETFYPKLQ 

10 

nsp10·nsp16 

20,659-21,552 
Methyltransferase 298  33.3   

 nsp10·nsp16 298 1-298 33.3 

MGSSHHHHHHSQDPSSQAWQ
PGVAMPNLYKMQRMLLEKCD

LQNYGDSATLPKGIMMNVAK

YTQLCQYLNTLTLAVPYNMR
VIHFGAGSDKGVAPGTAVLRQ

WLPTGTLLVDSDLNDFVSDAD

STLIGDCATVHTANKWDLIISD
MYDPKTKNVTKENDSKEGFF

TYICGFIQQKLALGGSVAIKIT

EHSWNADLYKLMGHFAWWT
AFVTNVNASSSEAFLIGCNYL

GKPREQIDGYVMHANYIFWR

NTNPIQLSSYSLFDMSKFPLKL
RGTAVMSLKEGQINDMILSLL

SKGRLIIRENNRVVISSDVLVN
N 

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

nsp10·nsp14 

18,040-19,620 
Exoribonuclease 527  61.4   

 nsp10·nsp14 527 7-527 61.4 

MGSSHHHHHHSQDPAENVTG
LFKDCSKVITGLHPTQAPTHLS

VDTKFKTEGLCVDIPGIPKDM

TYRRLISMMGFKMNYQVNGY
PNMFITREEAIRHVRAWIGFD

VEGCHATREAVGTNLPLQLGF

STGVNLVAVPTGYVDTPNNT
DFSRVSAKPPPGDQFKHLIPLM

YKGLPWNVVRIKIVQMLSDTL

KNLSDRVVFVLWAHGFELTS
MKYFVKIGPERTCCLCDRRAT

CFSTASDTYACWHHSIGFDYV
YNPFMIDVQQWGFTGNLQSN

HDLYCQVHGNAHVASCDAIM

TRCLAVHECFVKRVDWTIEYP
IIGDELKINAACRKVQHMVVK

AALLADKFPVLHDIGNPKAIK

CVPQADVEWKFYDAQPCSDK
AYKIEELFYSYATHSDKFTDG

VCLFWNCNVDRYPANSIVCRF

DTRVLSNLNLPGCDGGSLYVN
KHAFHTPAFDKSAFVNLKQLP

FFYYSDSPCESHGKQVVSDID

YVPLKSATCITRCNLGGAVCR
HHANEYRLYLDAYNMMISAG

FSLWVYKQFDTYNLWNTFTR

LQ 

12.5 

ORF9a 

28,274-29,533 
Nucleocapsid (N) 419  45.6   

 

IDR1-NTD- IDR2 

(Intrinsically 

Disordered Region 

(IDR)) 

248 1-248 26.5 

MSDNGPQNQRNAPRITFGGPS

DSTGSNQNGERSGARSKQRRP

QGLPNNTASWFTALTQHGKE
DLKFPRGQGVPINTNSSPDDQI

GYYRRATRRIRGGDGKMKDL

SPRWYFYYLGTGPEAGLPYGA
NKDGIIWVATEGALNTPKDHI

GTRNPANNAAIVLQLPQGTTL

PKGFYAEGSRGGSQASSRSSS
RSRNSSRNSTPGSSRGTSPARM

10 



Protein 

genome position (nt) a 
Trivial name 

Construct expressed 
Size 

(aa)b Boundaries MW [kDa] 
Sequence 

(aa)c 

Screening concentration 

[µM] 

AGNGGDAALALLLLDRLNQL

ESKMSGKGQQQQGQTVTK 

 
NTD-SR 

(S/R rich region(SR)) 
169 44-212 18.1 

GLPNNTASWFTALTQHGKED

LKFPRGQGVPINTNSSPDDQIG

YYRRATRRIRGGDGKMKDLS
PRWYFYYLGTGPEAGLPYGA

NKDGIIWVATEGALNTPKDHI

GTRNPANNAAIVLQLPQGTTL
PKGFYAEGSRGGSQASSRSSS

RSRNSSRNSTPGSSRGTSPARM

AG 

10 

 NTD 137 44-180 14.9 

GLPNNTASWFTALTQHGKED

LKFPRGQGVPINTNSSPDDQIG
YYRRATRRIRGGDGKMKDLS

PRWYFYYLGTGPEAGLPYGA

NKDGIIWVATEGALNTPKDHI
GTRNPANNAAIVLQLPQGTTL

PKGFYAEGSRGGS 

9.8 

 
CTD 

(C-Terminal Domain) 
118 247-364 13.3 

GAMGTKKSAAEASKKPRQKR

TATKAYNVTQAFGRRGPEQT

QGNFGDQELIRQGTDYKHWP
QIAQFAPSASAFFGMSRIGME

VTPSGTWLTYTGAIKLDDKDP

NFKDQVILLNKHIDAYKTFP 

10 

ORF9b 

28,284-28,574 
 97  10.8   

 Full-length 97 1-97 10.8 

MDPKISEMHPALRLVDPQIQL

AVTRMENAVGRDQNNVGPK

VYPIILRLGSPLSLNMARKTLN
SLEDKAFQLTPIAVQMTKLAT

TEELPDEFVVVTVKSAWSHPQ

FEK 

11 

a Genome position in nt corresponding to SCoV2 NCBI reference genome entry NC_045512.2, identical to GenBank entry MN908947.3 (2). 
b number of amino acids excluding the additional residues due to cloning 
c additional artificial amino acids due to construct design 

 



Supporting Information Table 2: Screening targets with their corresponding molecular weight and number of binders. 

Target MW 

[kDa] 

Binders 

nsp2 (CtDR) 4.92 19 

nsp7 9.29 92 

ORF9b 11.99 8 

nsp9 12.69 2 

nsp3e 13.42 21 

ORF9a (CTD) 13.56 9 

ORF9a (NTD) 14.85 32 

nsp3c (SUD-N) 15.54 10 

nsp10 16.24 38 

ORF9a (NTD-SR) 18.1 5 

nsp3b 18.65 10 

nsp3b·GS-441524 18.65 5 

nsp1 19.9 5 

nsp8 21.93 35 

nsp3a 23.24 14 

ORF9a (IDR1-NTD-

IDR2) 

26.52 7 

nsp3c (SUD-MC) 29.61 154 

nsp3y 31.7 81 

GSnsp5 33.94 12 

nsp5 33.8 78 

GHMnsp5 34.12 38 

nsp3d 35.99 150 

His6nsp15 41.35 42 

nsp10·nsp16 51 100 

nsp10·nsp14 77.6 44 

  



Supporting Information Table 3: Summary of the 18 proteins and their pdb codes used for the FTMap analysis and the ID of 

the docked ligand. 

Target 

pdb code Manuscript 

ID 

nsp1 7k7p 1 

nsp3e 2k87 39 

nsp3a 7kag 61 

nsp9 6w4b 30 

nsp7 6wiq 65 

nsp8 6wiq 112 

nsp3c (SUD-N) 2w2g 134 

nsp3c (SUD-MC) 2kqv 68 

ORF9a (NTD) 6yi3 55 

nsp3b 6vxs 41 

nsp3d 6w9c 199 

His6nsp15 6w01 115 

ORF9a (CTD) 7c22 40 

nsp10 6zpe 2 

nsp10·nsp16 6w4h 4 

ORF9b 6z4u 2 

nsp5 6yb7 21 

nsp10·nsp14 nsp10·nsp14_modelled 141 

  



Supporting Information Table 4: Summary of the 18 proteins and their FTMap and docking analysis 

Target pdb code pdb used for analysis Reason FTMap 

(Crossclusters

) 

Cleft 

(PDBSum) 

Binder 

Vendor ID 

Manuscript 

ID 

NMR result 

in mixes 

Crosscluster 

Coverage of 

Binder 

Dock Cluster 

nsp1 7k7p 7k7p - 0, 7 Cleft 1 Z26365442 1 WL 100, 0 20_0 

nsp3e 2k87 2k87 SARSCoV 1 used, that’s 

why sequence is not 100% 

identical 

1, 4 Cleft 3 Z136583524 39 CSP 100, 100 1_0 

nsp3a 7kag 7kah_chainA Monomer 0, 1, 5, 8 Cleft 2 Z32386228 61 WL, STD 88, 88, 63, 25 0_0 

nsp9 6w4b 6w4b_chainA Monomer 1, 3 Cleft 1 Z1374778753 30 CSP 50, 100 0_0 

nsp7 6wiq 6wiq_chainA Complex with Nsp8 0, 1, 2, 3, 6 Cleft 1 Z276545932 65 CSP, STD 100, 100, 100, 

100, 25 

1_0 

nsp8 6wiq 6wiq_chainB Complex with Nsp7 1, 3, 4, 5, 6 Cleft 1 Z1349163663 112 WL, T2, 

CSP, STD 

100, 100, 100, 

50, 50 

3_0 

nsp3c (SUD-

N) 

2w2g 2w2g_screeningConstruct Part of Monomer that was 

used in Screening 

0, 2, 4, 5, 6, 9 Cleft 1 Z57260539 134 CSP 100, 88, 75, 

38, 63, 13 

0_0 

nsp3c (SUD-

MC) 

2kqv 2kqv - 1, 2, 3, 4, 6 Cleft 1 Z235449082 68 WL, CSP 100, 100, 75, 

75, 0 

0_0 

ORF9a 

(NTD) 

6yi3 6yi3 - 0, 1, 3, 5, 6, 7 Cleft 1 Z1250132788 55 T2, CSP 100, 100, 100, 

50, 0, 0 

8_0 

nsp3b 6vxs 6vxs_chainA Monomer 0, 1, 2, 3, 5 Cleft 1 Z52425517 41 T2, CSP 100, 100, 100, 

100, 50 

0_0 

nsp3d 6w9c 6w9c - 1, 2, 4 Cleft 2 Z1741960769 199 WL, STD 75, 75, 75 7_0 

His6nsp15 6w01 6w01_chainA Monomer 1, 2 Cleft 1 Z71580604 115 WL, CSP 100, 86 1_0 

ORF9a 

(CTD) 

7c22 7c22_chainA Dimer 1, 2, 6, 8 Cleft 1 Z145119960 40 CSP 100, 75, 0, 0 0_0 

nsp10 6zpe 6zpe_simplified  Removed Glycerol 0, 3, 5, 6 Cleft 1 Z336089202 2 WL, STD 100, 83, 33, 

33 

0_0 

nsp10·nsp16 6w4h 6w4h - 3, 4, 5, 7, 8, 10 Cleft 1 Z1891776064 4 WL, T2, 

CSP, STD 

75, 25, 50, 50, 

25, 0 

2_0 

ORF9b 6z4u 6z4u - 0, 3, 5 Cleft 3 Z336089202 2 WL, STD 67, 67, 67 0_0 

nsp5 5r83 5r83 Removed Ligand 1, 2, 7, 8 Cleft 2 Z44592329 21 WL, STD 100, 33, 33, 

33 

3_0 

nsp10·nsp14 nsp10·nsp14 

_modelled 

nsp10·nsp14 

_modelled 

Modelled 2, 5, 9 Cleft 3 Z26251905 141 WL, T2 100, 20, 0 1_0 

   



Supporting Information Table 5: Comparison of the 8 overlapping binders of the three different screened nsp5 constructs and 

their coverage to the different crossclusters occupying the two clefts. The crosscluster 000 corresponds to the main hot spot 

followed by 001, 002 and so on. FTMap probes from all 8 binders correlate better with crossclusters (crosscluster001, 002) 

occupying the cleft 2 (active site), suggesting cleft 2 as the putative binding site. 

 

 

Supporting Information Table 6: Comparison of the 6 overlapping nsp5 binders between NMR and X-ray and their 

corresponding coverage to the different crossclusters occupying the two clefts. The crosscluster 000 corresponds to the main 

hot spot followed by 001, 002 and so on. FTMap probes from all 6 binders correlate better with crossclusters (crosscluster001, 

002) occupying the cleft 2 (active site), suggesting cleft 2 as the putative binding site. 

 

  

Z-ID Crosscluster001 % found in cluster Z-ID Crosscluster002 % found in cluster Z-ID Crosscluster007 % found in cluster Z-ID Crosscluster008 % found in cluster

Z979145504 3 75% Z979145504 3 75% Z979145504 2 50% Z979145504 2 50%

Z223388508 5 83% Z223388508 5 83% Z223388508 2 33% Z223388508 2 33%

Z336089202 5 83% Z336089202 3 50% Z336089202 2 33% Z336089202 3 50%

Z933326822 5 83% Z933326822 3 50% Z933326822 2 33% Z933326822 3 50%

Z208334100 6 86% Z208334100 4 57% Z208334100 3 43% Z208334100 3 43%

Z1891776064 3 75% Z1891776064 2 50% Z1891776064 1 25% Z1891776064 3 75%

Z123970702 4 80% Z123970702 2 40% Z123970702 2 40% Z123970702 3 60%

Z31792168 3 60% Z31792168 4 80% Z31792168 2 40% Z31792168 3 60%

Average 78% 61% 37% 53%

Z-ID Crosscluster003 % found in cluster Z-ID Crosscluster004 % found in cluster Z-ID Crosscluster006 % found in cluster

Z979145504 3 75% Z979145504 2 50% Z979145504 1 25%

Z223388508 4 67% Z223388508 3 50% Z223388508 3 50%

Z336089202 5 83% Z336089202 4 67% Z336089202 2 33%

Z933326822 5 83% Z933326822 4 67% Z933326822 2 33%

Z208334100 5 71% Z208334100 4 57% Z208334100 2 29%

Z1891776064 3 75% Z1891776064 2 50% Z1891776064 1 25%

Z123970702 3 60% Z123970702 3 60% Z123970702 1 20%

Z31792168 3 60% Z31792168 3 60% Z31792168 1 20%

Average 72% 58% 29%

Cleft 2 (Active Site)

Cleft 1

Z-ID Crosscluster001 % found in cluster Z-ID Crosscluster002 % found in cluster Z-ID Crosscluster007 % found in cluster Z-ID Crosscluster008 % found in cluster

Z219104216 2 67% Z219104216 2 67% Z219104216 1 33% Z219104216 2 67%

Z24758179 6 86% Z24758179 5 71% Z24758179 2 29% Z24758179 3 43%

Z31432226 8 89% Z31432226 7 78% Z31432226 3 33% Z31432226 2 22%

Z31792168 3 60% Z31792168 4 80% Z31792168 2 40% Z31792168 3 60%

Z44592329 3 100% Z44592329 1 33% Z44592329 1 33% Z44592329 1 33%

Z979145504 3 75% Z979145504 3 75% Z979145504 2 50% Z979145504 2 50%

Average 79% 67% 36% 46%

Z-ID Crosscluster003 % found in cluster Z-ID Crosscluster004 % found in cluster Z-ID Crosscluster006 % found in cluster

Z219104216 2 67% Z219104216 2 67% Z219104216 0 0%

Z24758179 5 71% Z24758179 4 57% Z24758179 3 43%

Z31432226 6 67% Z31432226 5 56% Z31432226 5 56%

Z31792168 3 60% Z31792168 3 60% Z31792168 1 20%

Z44592329 1 33% Z44592329 2 67% Z44592329 1 33%

Z979145504 3 75% Z979145504 2 50% Z979145504 1 25%

Average 62% 59% 29%

Cleft 2 (Active Site)

Cleft 1



Supporting Information Table 7: NMR experiments used in the screening of the proteins. 

# NMR 

experiments* 

Sample utilized 

Solvents 

 

Experiment-specific parameter 

settings 

MT 

1 1H 1D  
1H 1D with water 

suppression SOGGY  

Excitation sculpting with a 

composite 180° spin echo 

pulse. The SOGGY pulse 

was implemented. NS = 64. 

4.5 min  

2 water-LOGSY 

on 1H 

waterLOGSY with SOGGY 

sequence for water 

suppression  

The SOGGY sequence was 

implemented in the standard 

waterLOGSY sequence. 

The mixing time was set to 

1.7 ms NS = 320.  

27 min 

3, 4 T2 CPMG on 
1H 

T2 relaxation using a 

pseudo2D sequence with 

CPMG spinlock field of 

6.25kHz (5 and 100 ms) with 

temperature compensation.  

The SOGGY sequence was 

implemented in the standard 

CPMG sequence. NS = 128. 

13 min. 

5 STD Offset switch between 0 and 

-40ppm. Spinlock of 50ms to 

suppress the protein signals 

B1 Field of 200 Hz.  

Standard sequence with 

excitation sculpting was 

used. NS =128  

13 min 

*Pulse sequence and parameter set for in-house optimized experiments can be obtained upon request and data sets can be downloaded at 

covid19-nmr.de. 
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Supporting Information Figure 1: Number of binders and molecular weight of the screened protein constructs. 
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Supporting Information Figure 2: Venn diagrams of the binders of different sub-constructs of screened proteins. 

 

Supporting Information Figure 3: The 16 probes used in the analysation with FTMap. 

 



 

Supporting Information Figure 4: nsp1 (PDB: 7k7p) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 1 (cyan). 

  

nsp1 

binders 

(manuscript 

number) 

1 

2 

3 

4 

5 



 

Supporting Information Figure 5: nsp3e (PDB: 2k87) cleft 3 (beige) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 39 (cyan). 
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Supporting Information Figure 6: nsp3a (PDB: 7kag) cleft 2 (beige) and 1 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 61 

(cyan). 
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Supporting Information Figure 7: nsp9 (PDB: 6w4b) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 30 (cyan). 

  

nsp9 

binders 

(manuscript 

number) 

30 

4 



 

Supporting Information Figure 8: nsp7 (PDB: 6wiq) cleft 1 (beige) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 65 

(cyan). 

  

nsp7 binders 

(manuscript number) 

1 63 97 7 

2 62 98 117 

20 83 99 118 

65 52 17 119 

66 84 100 120 

67 85 101 121 

68 86 102 122 

69 26 58 123 

39 16 103 124 

22 30 104 125 

70 87 36 126 

71 64 18 

9 31 38 

72 32 105 

73 88 106 

74 33 107 

75 4 108 

3 89 8 

60 90 109 

76 91 110 

61 92 28 

77 56 111 

78 5 112 

79 93 113 

80 94 114 

81 95 115 

82 96 116 



 

Supporting Information Figure 9: nsp8 (PDB: 6wiq) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked 

Binder 112 (cyan). 
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Supporting Information Figure 10: nsp3 (SUD-N) (PDB: 2w2g) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 134 (cyan). 
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Supporting Information Figure 11: nsp3c (SUD-MC) (PDB: 2kqv) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes 

(grey sticks) and the docked Binder 68 (cyan). 

  

nsp3c (SUD-MC) binders 

(manuscript number) 

67 152 169 84 117 18 

68 153 74 85 56 38 

30 39 170 86 192 124 

4 21 11 179 120 200 

66 22 13 26 5 201 

80 154 171 16 93 202 

136 129 172 180 193 203 

1 70 173 181 94 204 

2 155 174 182 95 127 

137 156 75 87 96 106 

138 41 3 183 98 205 

20 71 175 112 99 206 

139 157 60 31 194 119 

128 158 76 32 17 207 

140 159 61 184 123 69 

65 160 109 185 100 168 

141 161 48 113 101 178 

142 9 49 114 102 92 

143 10 131 186 58 199 

144 162 78 187 59 

145 72 79 89 195 

146 163 176 188 196 

147 164 81 116 103 

148 165 177 90 104 

149 166 82 189 197 

150 167 62 190 36 

151 73 52 191 198 



 

Supporting Information Figure 12: ORF9a (NTD) (PDB: 6yi3) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and 

the docked Binder 55 (cyan). 
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Supporting Information Figure 13: nsp3b (PDB: 6vxs) cleft 1 (beige) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 41 (cyan). 
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Supporting Information Figure 14: nsp3d (PDB: 6w9c) cleft 2 (beige) and 1 (magenta) with its corresponding cross clusters of FTMap probes 

(grey sticks) and the docked Binder 199 (cyan). 

  

nsp3d binders (manuscript number) 

1 167 178 92 124 189 

128 73 84 117 126 259 

217 225 205 192 202 260 

65 168 86 120 203 261 

66 226 181 240 127 207 

141 227 233 5 106 262 

145 45 234 241 146 263 

152 74 111 93 67 264 

218 228 214 242 68 147 

153 133 209 243 211 36 

39 229 182 193 249 199 

219 230 30 94 250 

21 231 185 95 251 

22 172 235 96 252 

220 174 113 97 71 

156 75 4 99 253 

221 3 236 194 254 

157 60 114 244 255 

222 76 186 101 175 

223 109 187 245 61 

9 77 237 102 256 

10 232 89 246 257 

162 78 188 58 176 

72 81 116 59 51 

224 82 238 103 258 

163 63 90 247 6 

165 62 239 248 33 

166 52 191 38 115 



 

Supporting Information Figure 15: His6nsp15 (PDB: 6w01) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the 

docked Binder 115 (cyan). 
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Supporting Information Figure 16: ORF9a (CTD) (PDB: 7c22) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 40 (cyan). 
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Supporting Information Figure 17: nsp10 (PDB: 6zpe) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked 

Binder 2 (cyan). 
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Supporting Information Figure 18: nsp10·nsp16 (PDB: 6w4h) cleft 1 (beige) and 2 (magenta) with its corresponding cross clusters of FTMap probes (grey 

sticks) and the docked Binder 4 (cyan). 
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2 11 33 38 

137 12 4 124 
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65 61 92 127 
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39 26 245 193 
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71 87 103 

9 272 104 

72 64 197 

73 31 36 

74 32 198 



 

 

 

Supporting Information Figure 19: ORF9b (PDB: 6z4u) cleft 1 (beige) with its corresponding cross clusters of FTMap probes (grey sticks) and the docked Binder 2 (cyan). 
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Supporting Information Figure 20: nsp5 (PDB: 6yb7) cleft 2 (beige) and 1 (magenta) with its corresponding cross clusters of FTMap probes (grey sticks) and the 

docked Binder 21 (cyan). 
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Supporting Information Figure 21: nsp10·nsp14 (PDB: nsp10·nsp14_modelled) cleft 3 (beige) with its corresponding cross clusters of FTMap probes (grey sticks) and 

the docked Binder 141 (cyan). 
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Supporting Information Figure 22: Difference in FTMap crossclusters when using a monomeric or dimeric version of nsp5 

(second part of dimer not shown to be able to see the crossclusters in the dimeric interaction site). 

 

 

Supporting Information Figure 23: FTMap analysis run on the dimeric version of nsp5, with one part of the dimer hidden on 

the right side to show the underlying FTMap crossclusters. 



 

 

Supporting Information Figure 24: Ligand-observed titration for different binders with ORF9a (NTD), nsp3c (SUD-MC), and 

nsp5. 



 

Supporting Information Figure 25: Protein observed titration of ligands with nsp10. a) left: binder 2 docked onto nsp10 with 

the FTMap hotspots around it. Right: binder 2 docked onto nsp10 with the FTMap hotspots around it and the amino acids with 

CSP’s mapped in blue. Bottom left: Binder 2 with the indicated FTMap hotspots. Bottom right: Titration curve of binder 2 with 

nsp10. b) Titration curves of three different amino acids protein observed for binder 2 and binder 32. 

  



 

Supporting Information Figure 24Docking of the 6 overlapping X-ray/NMR binders to the monomeric and dimeric state of 

nsp5. (A) Table listing the docking results for 0_0 pose (energy minimum state). (B) Ligand 21 docks to the active site in both 

monomeric and dimeric nsp5. (C) Ligand 13 docks to the active site only in the dimeric state.  

 



 

 

Supporting Information Figure 27:   A snapshot of the KNIME workflow used for analog search. This workflow can be found 

at https://github.com/Fraunhofer-ITMP/KNIME_NMR 

  



 

Supporting Information Figure 28: Knowledge graph embedding NMR data and results from SARS-CoV-2 bioactive analogues 

identified in the ChEMBL and PubChem databases. The codes written to generate the KG can be found at 

https://github.com/Fraunhofer-ITMP/COVID-NMR-KG. The KG is available for User navigation using the Cytoscape 

interface at the same location. 

https://github.com/Fraunhofer-ITMP/COVID-NMR-KG


 
Supporting Information Figure 29: Optimization of NMR sequences and parameters for ligand-based NMR screening  

Optimization of STD parameters: Optimizing offset in the STD experiment. The optimization was done for a complex sample 

containing 1 mM AMP-PNP + 10 uM EPHA2 Kinase (34 kDa). The experiments were recorded at 600 MHz using 128 scans. 

 
Supporting Information Figure 30: Optimization of NMR sequences and parameters for ligand-based NMR screening 

Optimization of STD parameters: Optimizing spin lock time in the STD experiment. The optimization was done for a complex 

sample containing 1 mM AMP-PNP + 10 uM EPHA2 Kinase (34 kDa). The experiments were recorded at 600 MHz using 128 

scans. 



 
Supporting Information Figure 31: Optimization of NMR sequences and parameters for ligand-based NMR screening 

Optimization of STD parameters: Optimizing spin lock time in the STD experiment. The optimization was done for a complex 

sample containing 1 mM AMP-PNP + 10 uM EPHA2 Kinase (34 kDa). The experiments were recorded at 600 MHz using 128 

scans. 

Supporting Information Table 8: Proteins and their corresponding BMRBbig id's for the deposited excel files. 

Protein BMRBbig id 

nsp1 bmrbig48 

_GHM_nsp5 bmrbig45 

nsp3e bmrbig56 

nsp3a bmrbig50 

nsp9 bmrbig61 

nsp7 bmrbig59 

nsp8 bmrbig60 

nsp3c (SUD-N) bmrbig54 

nsp3c (SUD-MC) bmrbig53 

ORF9a (NTD) bmrbig67 

ORF9a (IDR1-NTD-IDR2) bmrbig66 

nsp3b bmrbig51 

nsp2 (CtDR) bmrbig49 

nsp3b·GS-441524 bmrbig52 

nsp3d bmrbig55 

_His6_nsp15 bmrbig46 

_GS_nsp5 bmrbig47 

ORF9a (CTD) bmrbig65 

nsp10 bmrbig62 

ORF9a (NTD-SR) bmrbig68 

nsp10·nsp16 bmrbig63 

ORF9b bmrbig69 

nsp3y bmrbig57 

nsp5 bmrbig58 

nsp10·nsp14 bmrbig64 
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